S. Glial cell linederived neurotrophic factor protects against high-fat diet-induced hepatic steatosis by suppressing hepatic PPAR-␥ expression.
NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is increasingly recognized as the leading cause of chronic liver disease, affecting 20 -30% of the population in Western countries (1) . NAFLD is a major complication of obesity and insulin resistance, and its prevalence is rapidly rising worldwide due to an increase in the incidence of the metabolic syndrome in adults and children (3, 29, 32) .
NAFLD is a complex disease that in the early stages manifests as simple hepatic steatosis characterized by increased deposition of triglyceride as lipid droplets in the cytoplasm of hepatocytes (7) . While hepatic steatosis is most often self-limiting and rarely causes significant damage to the liver, it occasionally can sensitize the liver to inflammatory injury from a variety of stimuli (10) , leading to nonalcoholic steatohepatitis (NASH) (9) . NASH can in turn progress to cirrhosis and hepatocellular carcinoma, resulting in significant morbidity and mortality (49) . In spite of the increasing threat from NAFLD, there are currently no approved drugs for the treatment of the disease, and management of the disease mainly involves diet and lifestyle changes (5, 42) .
Glial cell line-derived neurotrophic factor (GDNF) is a neurotrophic factor that plays an important role in the development of the enteric nervous system and the survival of enteric, midbrain catecholaminergic, motor, sensory, sympathetic, and parasympathetic neurons (40) . GDNF has recently shown promise as a factor that cannot only increase ␤-cells mass and improve blood glucose control but also induce weight loss and protect against obesity in rodents (31, 37, 38, 50) . In our previous study we showed that GDNF transgenic (GDNF Tg) mice that overexpresses GDNF globally in glia are protected against HFD-induced insulin resistance, hyperlipidemia, and obesity through increased ␤-adrenergic receptor-mediated energy expenditure in brown adipose tissue (38) . These mice are also protected against HFD-induced hepatic steatosis, but the mechanisms involved have not been elucidated. Moreover, the pharmacological use of GDNF to treat HFD-induced hepatic steatosis has never been explored. In the present study we examined the effects of GDNF on key signaling pathways involved in the regulation of lipid metabolism in the liver. We also examined the efficacy of GDNF-loaded nanoparticles in accelerating recovery of mice with HFD-induced hepatic steatosis. The data demonstrate the ability of GDNF to induce suppression of signaling processes that promote lipid uptake and de novo lipogenesis and to increase autophagic clearance in the liver. The data also reveal the potential for the use of GDNF-loaded nanoparticles in accelerating recovery from hepatic steatosis.
METHODS
Animals. Animal studies were conducted using GDNF Tg mice (on a CF-1 background) and CF-1 wild-type (WT) littermates. The generation of the GDNF Tg mice has been previously described (56) . The mice were maintained on a 12:12-h light-dark cycle in a temperaturecontrolled barrier facility with free access to food and water. They were fed a regular laboratory rodent diet (RD) (2018SX; Teklad Global 18% Protein Extruded Rodent Diet; Harlan Laboratories, Madison, WI) containing 6.2% fat by weight or a HFD (TD.06414; Harlan) containing 34.3% fat by weight (38) . Heterozygous GDNF family receptor ␣1 (GFR␣1) knockout (GFR␣1 KO) mice carried a GFR␣1 GFP-knockin allele and were on a mixed 129/Sv ϫ C57BL/6 background (51) . All animal studies were approved by the Atlanta Veteran Affairs Medical Center Institutional Animal Care and Use Committee.
Histology and immunofluorescence staining. Mice liver tissues were fixed in 10% formalin solution and embedded in paraffin or frozen in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA) using standard techniques. Oil Red-O staining was performed using a modification of a previously published protocol (http://bio.lonza.com/uploads/ tx_mwaxmarketingmaterial/Lonza_ManualsProductInstructions_Oil_ Red_O_Stain_for_In_Vitro_Adipogenesis.pdf). Briefly, frozen liver sections (7 m thick) were fixed for 1 h at room temperature in paraformaldehyde (4%), washed briefly with deionized water, and incubated for 2-5 min in 60% isopropanol. The sections were then incubated for 5 min in a freshly prepared filtered 1.8 mg/ml solution of Oil Red-O (Sigma Aldrich, St. Louis, MO) in 60% isopropanol and washed thoroughly with running tap water until the water ran clear. They were counterstained for 15 s with Harleco Gill modified hematoxylin solution III (EMD Chemicals, Billerica, MA), washed thoroughly with warm running tap water, and mounted with glycerol vinyl alcohol aqueous mounting solution (Invitrogen). Oil Red-O staining areas were quantified using the MetaMorph Offline (version 7.0r3) software (Molecular Devices, Downingtown, PA). Immunofluorescence staining was performed on paraffin-embedded liver sections (5 m thick) and frozen liver sections (6 m thick). Deparaffinization, rehydration, and antigen unmasking with 10 mM sodium citrate buffer, pH 6.0, was performed according to suggested protocols (Cell Signaling Technologies, Danvers, MA). The sections were blocked in PBS containing 3% BSA and 0.02% Triton X-100 and incubated overnight at 4°C with anti-human GFR␣1 (H-70) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:200, rabbit polyclonal antibody against peripherin (Chemicon International, Temecula, CA) diluted 1:100, and mouse monoclonal antibody to ␤-actin (Cell Signaling Technologies) diluted 1:500. Secondary detection was performed by 1 h incubation with anti-rabbit IgG (1:500) antibody conjugated to Alexa Fluor 594 (Molecular Probes, Eugene, OR) and anti-mouse IgG (1:500) conjugated to Alexa Fluor 488 (Molecular Probes). Sirius Red and hematoxylin and eosin (H&E) staining were also performed according to common protocols on paraffin-embedded liver sections. Images were acquired with the aid of an Olympus IX51 microscope (Olympus, Tokyo, Japan) equipped with the cellSens Standard 1.12 imaging software (Olympus). Scoring of histological features was performed by an expert pathologist (Dr. A. Farris, Emory University School of Medicine, Department of Pathology and Laboratory Medicine) who was blinded to the experimental groups. The scoring was based on the NASH Clinical Research Network histological scoring system (23) and included steatosis grade, steatosis location, microvesicular steatosis, fibrosis stage, lobular inflammation, microgranulomas, large lipogranulomas, portal inflammation, hepatocyte ballooning, acidophil bodies, megamitochondria, pigmented macrophages, Mallory's hyaline, and glycogenated nuclei. Quantification of liver fibrosis was performed with the aid of the Image J (version 1.48v; National Institutes of Health) software using a thresholding algorithm (http://rsbweb.nih.gov/ij/docs/examples/ stained-sections/index.html), which was set to detect the red hue of fibrous tissue in Sirius Red-stained liver sections. Briefly, images acquired from Sirius Red-stained liver sections were split into red, blue, and green channels. The green channel, which showed the best separation between the darker fibrous tissue and light gray nonfibrous tissue, was thresholded in such a way that only the stained fibrous tissue was highlighted in red. Blood vessels and ducts were erased in order not to include them in the calculated area. The thresholded area (red) was then measured and expressed as a percentage of the total liver tissue surface area.
Serum chemistry and liver triglyceride analyses. Serum chemistry and liver triglyceride analyses were performed as previously described (38) . Blood was collected in serum separator tubes (BD, Franklin Lakes, NJ), and serum was separated by centrifugation at 3,000 g for 15 min at room temperature. Liver profiles were tested using the Abaxis mammalian liver profile kit (Abaxis, Union City, CA).
Preparation and administration of GDNF-and FITC-loaded nanoparticles. Polyvinyl alcohol (PVA)-covered GDNF-and FITCloaded polylactic acid (PLA) nanoparticles were synthesized by double emulsion/solvent evaporation using previously described methods (27, 28) . Nanoparticles size and charge were measured by Dynamic light scattering (DLS). The samples (nanoparticles) scatter incoming laser light. Because of the random motion of these particles, the scattered light intensity fluctuates in time. Processing the fluctuating signal yields the particle's diffusion coefficient from which the equivalent spherical particle size is calculated using the Stokes-Einstein equation. The same process allowed us to measure the zeta potential, a close approximation of the surface charges. The nanoparticles were found to have a charge of Ϫ27.1 Ϯ 3.5 mV (enabled easy suspension of nanoparticles due to repulsive interactions) and a size of 376.8 Ϯ 12.7 nm. They were suspended in normal saline (0.15 M NaCl) solution at a final GDNF concentration of 16.67 g/ml before use. Groups of four to five mice each maintained on a regular diet or HFD were injected one time daily with 300 l of either vehicle (GDNF-free nanoparticles) or GDNF-loaded nanoparticles (GDNF NP) containing 5.0 g GDNF.
Cell culture. The human hepatoma-derived Hep G2 cell line (24) was purchased from American Type Culture Collection (ATCC, Manassas, VA) and cultured according to recommended procedure in Minimum Essential Medium (ATCC) supplemented with fetal bovine serum added to a final concentration of 10%. Mouse hepatocytes were isolated as previously described (12) and cultured in Minimum Essential Medium supplemented with fetal bovine serum. The mouse pancreas-derived ␤-TC-6 (ATCC CRL-11506) ␤-cell insulinoma cells were cultured according to recommended procedure. Recombinant rat GDNF was produced as previously described (8) and used at a final concentration of 100 ng/ml. Water-soluble oleic acid (Sigma) was used at final concentration of 0.3 mM. The p38 mitogen-activated protein kinase (MAPK) inhibitor SB-203580 (Sigma-Aldrich) was used at a final concentration of 10 M. Transfection of cells was performed as previously described (38) using On-TARGETplus SMARTpool GFR␣1 siRNA (L-042178-01; Thermo Fisher Scientific, Lafayette, CO), siGENOME Control Pool nontargeting siRNA (D-001206-13-05; Thermo Fisher Scientific), and Lipofectamine RNAiMax (Invitrogen Life Technologies, Grand Island, NY).
Cellular toxicity assay. To assess the potential toxicity of GDNFloaded nanoparticles (GDNF NP), ␤-TC-6 cells were plated at a density of 2 ϫ 10 4 cells/well in 96-well plates and cultured for 48 h as previously described (37) in culture medium supplemented with or without GDNF NP added to a final GDNF concentration of 100 -200 ng/ml. Cell survival was assessed using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega, Madison, WI) by measuring the quantity of aqueous, soluble formazan produced by the conversion of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium by dehydrogenases from viable cells.
Peroxisome proliferator-activated receptor-␥ promoter activity assay. Hep G2 cells were cotransfected with a previously described human peroxisome proliferator-activated receptor-␥ (PPAR-␥) 1p3000 promoter/pGL3 luciferase reporter vector construct (4) and the phRL-TK Renilla luciferase vector (Promega) using Lipofectamine 2000 (Invitrogen). The cells were cultured for 48 h in normal medium followed by 24 h in medium supplemented with or without 0.3 mM oleic acid and GDNF (100 ng/ml). The cells were then lysed, and luciferase activity was determined using the Dual-Luciferase Reporter Assay System kit (Promega) reagents according to recommended procedure.
Western blotting. Western blotting was performed as previously described (36, 38) using rabbit antibodies to phospho-p38 MAPK (Thr 180 /Tyr 182 ) and PPAR-␥ (C26H12) (Cell Signaling Technologies), GFR␣1 (H-70) (Santa Cruz Biotechnology), p62/sequestosome 1 (SQSTM1) (Sigma-Aldrich), and CD36 (clone EPR6573, rabbit monoclonal) (EMD Millipore, Temecula, CA) diluted 1:1,000. Mouse monoclonal antibody to ␤-actin (A5441, clone AC-15) (Sigma-Aldrich) was diluted 1:5,000. Horseradish peroxidase-conjugated antimouse and anti-rabbit IgG (Cell Signaling Technologies) secondary antibodies were used at 1:2,000 dilution. A semiquantitative measurement of band density was performed using the Scion Image for Windows software (Scion).
Gene expression analysis. Total RNA was isolated using the RNeasy Lipid Tissue and RNeasy Mini kits (Qiagen, Hilden, Germany) and first-strand cDNA synthesized using SuperScript VILO (Invitrogen, Carlsbad, CA). Real-time PCR reactions were set up using Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA), and thermal cycling was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems). The sequences of the oligonucleotide primers used to assess the expression of the mouse PPAR-␥, PPAR-␣, the PPAR␥ coactivator-1␣ (PGC-1␣), CD36 (FAT), fatty acid synthase (Fasn), ␤3-adrenergic receptor (Adrb3), sterol regulatory element binding transcription factor 1 (Srebf1), fatty acid-binding protein (FABP4), and leptin genes, as well as the GAPDH and ␤2-microglobulin endogenous controls have been described before (38, 39) . The sequences of the other primers used are presented in Table 1 . The primers were designed such that at least one primer in each pair spanned an intron to prevent it from priming on genomic DNA. The inability of these primers to amplify genomic DNA was confirmed by PCR.
Statistical analysis. Statistical analyses were conducted using the GraphPad Prism software version 3.00 for Windows (GraphPad Software, San Diego, CA). Data were tested for normality and subjected to unpaired t-test or one-way ANOVA with Tukey's posttest.
RESULTS

HFD-fed GDNF transgenic mice have normal liver histology and accelerated autophagic clearance.
Liver tissue from GDNF Tg mice and WT littermates from our previous study (38) were used to further assess histological changes resulting from 12 wk of feeding on a HFD. As previously reported, all of the GDNF Tg mice overexpressed GDNF in various tissues, including the liver, were lean and insulin sensitive, and had normal serum alanine aminotransferase (ALT) and liver triglyceride levels while all of the HFD-fed WT mice were overweight and insulin resistant and had significantly elevated serum ALT and liver triglyceride levels. Liver sections were stained with H&E and Sirius Red stains (Fig. 1, A and B) and used to quantify the histological features present to understand to what extent GDNF was protective against HFD-induced fatty liver disease. Similar to liver from RD-fed WT and GDNF Tg mice, liver from the HFD-fed GDNF Tg mice showed no evidence of steatosis while liver from the HFD-fed WT mice had significant mixed steatosis (Fig. 1, A and C) . No evidence of hepatocyte ballooning, Mallory's hyaline, inflammatory cell infiltration, and fibrosis was observed in liver from mice from all four treatment groups (Fig. 1, A-C) .
P62/SQSTM1, a key autophagic protein, has been found to associate with Mallory's hyaline bodies in the liver of NASH patients (47) , and excessive cellular accumulation of P62/ SQSTM1 has been reported to be indicative of defective autophagic clearance, which is associated with cellular stress (25) . We compared liver P62/SQSTM1 protein levels between the four groups of mice to see if GDNF Tg mice were protected against HFD-induced disruption in autophagy. P62/SQSTM1 levels were significantly decreased (32.06 Ϯ 7.52%; P Ͻ 0.001) in liver from HFD-fed GDNF Tg mice and greatly increased (82.91 Ϯ 21.22%; P Ͻ 0.01) in liver from HFD-fed WT mice relative to their levels in liver from RD-fed WT mice (Fig. 1D) .
HFD-fed GDNF Tg mice have reduced liver expression of genes involved in regulating lipid transport and de novo lipogenesis.
Triglycerides stored in hepatocytes come from the uptake of dietary fat, from the hydrolysis of white adipose tissue (WAT) fat, and from de novo lipogenesis (6) . We assessed for changes in liver expression of genes coding for key proteins that regulate these processes to determine if their suppression could have contributed to the low triglyceride deposits seen in liver from GDNF Tg mice. Genes that showed significant differential expression between the four treatment groups are presented in Fig. 2A . The PPAR-␥ gene codes for a transcription factor that enhances lipid accumulation in hepatocytes by inducing expression of genes coding for proteins involved in lipid uptake, lipid droplet formation, and de novo lipogenesis (20) . Relative to its expression in the liver of RD-fed WT mice, the expression of the PPAR-␥ gene was 61.51 Ϯ 11.63% (P Ͻ 0.0001) lower in the liver of HFD-fed GDNF Tg mice and 57.27 Ϯ 19.92% (P Ͻ 0.05) higher in the Western blot analysis of P62/sequestosome 1 (SQSTM1) protein levels in liver from WT and GDNF Tg mice maintained on a RD or HFD and plot of P62/SQSTM1 band densities (relative to WT, RD). Plotted are means ϩ SE from 3 separate experiments. **P Ͻ 0.01 and ***P Ͻ 0.001, relative to WT mice maintained on the RD; §P Ͻ 0.001, relative to GDNF Tg mice maintained on the HFD. n ϭ 3 Mice/group. liver of HFD-fed WT mice ( Fig. 2A) . In line with the gene expression data, liver PPAR-␥ protein levels were 96.2 ϩ 0.52% (P Ͻ 0.0001) lower in HFD-fed GDNF Tg mice and 63.53 ϩ 25.71% (P Ͻ 0.004) higher in HFD-fed WT mice compared with RD-fed WT mice (Fig. 2B) . The CD36 (FAT) gene encodes a lipid transport protein that is induced by PPAR-␥. The liver expression of the CD36 gene was significantly increased (P Ͻ 0.001) in HFD-fed WT mice, while its expression in HFD-fed GDNF Tg mice was unchanged relative to RD-fed WT mice ( Fig. 2A) . CD36 protein levels were also significantly increased in liver from HFD-fed WT mice (P Ͻ 0.001 relative to RD-fed WT mice) but decreased in liver from HFD-fed GDNF Tg mice (P Ͻ 0001 relative to RD-fed and HFD-fed WT mice) (Fig. 2C) . Fasn and stearoyl-CoA desaturase (Scd1) are key enzymes involved in the catalysis of de novo lipogenesis. Liver levels of mRNA encoding these en- Fig. 2 . Analyses of gene expression and protein levels of steatosis-associated genes in liver from WT and GDNF Tg mice. A: PCR analyses of gene expression in liver from WT mice and GDNF Tg littermates fed a RD or HFD for 12 wk. Plotted are means ϩ SE. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 relative to WT mice maintained on the RD; †P Ͻ 0.05, ‡P Ͻ 0.01, and §P Ͻ 0.001 relative to GDNF Tg mice maintained on the HFD. n ϭ 5-7 Mice/group. Western blot analyses and plot of band densities (relative to WT mice fed RD) of peroxisome proliferator-activated receptor-␥ (PPAR-␥, B) and CD36 protein levels (C) in liver from WT mice and GDNF Tg littermates fed a RD or HFD for 12 wk. Plotted are means ϩ SE. **P Ͻ 0.01 and ***P Ͻ 0.001 relative to WT mice maintained on the RD; §P Ͻ 0.001 relative to GDNF Tg mice maintained on the HFD. n ϭ 3-4 Mice/group. D: analyses of gene expression in liver from heterozygous GDNF family receptor ␣1 (GFR␣1) knockout (GFR␣1 GFP/ϩ ) mice and WT controls. Plotted are means ϩ SE. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 relative to WT controls. Western blot analysis of effect of GDNF on P38 MAPK phosphorylation in Hep G2 cells cultured in medium alone (Vehicle) or medium supplemented with GDNF (100 ng/ml) and densitometric analysis of band density. Plotted are means ϩ SE. **P Ͻ 0.01 relative to vehicle. D: effect of knockdown of the GDNF-specific receptor GFR␣1 by a GFR␣1 siRNA on Oil Red-O staining intensity in Hep G2 cells cultured in medium supplemented with GDNF (100 ng/ml) and oleic acid (0.3 mM). Plotted are means ϩ SE. ***P Ͻ 0.001 and *P Ͻ 0.05 relative to control scrambled (Con) siRNA. Analyses of gene expression in Hep G2 cells (E) and primary mouse hepatocytes (F) cultured, respectively, for 48 and 24 h in medium supplemented with 0.3 mM oleic acid with or without GDNF (100 ng/ml). Plotted are means ϩ SE. ***P Ͻ 0.001, **P Ͻ 0.01, and *P Ͻ 0.05 relative to vehicle. G: effects of GDNF (100 ng/ml) on oleic acid-induced PPAR-␥ gene promoter activity in Hep G2 cells transfected with a pGL3-PPAR-␥ gene promoter. Plotted are means ϩ SE. ***P Ͻ 0.001 relative to vehicle. zymes were significantly lower in HFD-fed GDNF Tg mice relative to their levels in the other three groups of mice ( Fig.  2A) . Their levels in HFD-fed WT mice were, however, unchanged relative to the RD-fed WT mice ( Fig. 2A) . Diacylglycerol O-acyltransferase 2 (Dgat2) catalyzes the final step in the synthesis of triacylglycerides (TAG) and is a key determinant of the rate of de novo lipogenesis (53) . The liver expression of the gene coding for this enzyme was also reduced significantly in HFD-fed GDNF Tg mice (P Յ 0.05, relative both groups of RD-fed mice) but unchanged in HFD-fed WT mice ( Fig. 2A) . PPAR-␣ and carnitine palmitoyltransferase 1A (Cpt1a) genes code for proteins involved in lipid ␤-oxidation, and their expression is upregulated in NAFLD and animal models of NAFLD. The liver expression of these genes was significantly reduced in HFD-fed GDNF Tg mice relative to their expression in both groups of RD-fed mice and HFD-fed WT mice (Fig. 2A) . The expression of these genes in the liver from HFD-fed WT was unchanged compared with their expression in the liver from RD-fed WT mice (Fig. 2A) .
To determine the effect of loss of GDNF signaling on the expression of genes associated with increased hepatic steatosis, we assessed liver gene expression in the GFR␣1 KO mouse, which has a global knockdown of one allele of the gene coding for the GDNF-specific GFR␣1 receptor. The liver expression of the PPAR-␥, CD36, Dgat2, Scd1, Srebf1, Fasn, and PPAR-␣ genes was significantly increased in liver from GFR␣1 KO mice compared with liver from agematched WT mice (Fig. 2D) .
GDNF Tg mice have similar level of neuronal innervation of the liver, WAT, and pancreas as WT mice.
We investigated the possibility that the superior ability of GDNF Tg mice to resist HFD-induced hepatic steatosis, weight gain, and insulin resistance could be due to increased neuronal innervation in the liver, WAT, and pancreas driven by the overexpression of GDNF in these tissue. After tissue staining for the neuronal marker peripherin, we observed similar staining in both strains of mice in liver ductal tissue and no clear staining in the liver parenchyma (Fig. 3A) . We also observed similar staining in the WAT and pancreatic islet and acinar tissue in both WT and GDNF Tg mice (Fig. 3, B and C) .
GDNF suppresses triglyceride accumulation and the expression of hepatic steatosis-linked genes in vitro.
To confirm the in vivo observations, we performed in vitro studies using the Hep G2 cell line and isolated mouse hepatocytes. Hep G2 cells express the GDNF-specific GFR␣1 receptor, which is also expressed abundantly in the mouse and human liver (Fig. 4A) . We first assessed the effects of GDNF on triglyceride accumulation in the Hep G2 cell line and whether or not the MAPK signaling pathway played any role in the observed effects of GDNF on triglyceride accumulation. We cultured Hep G2 cells for 24 h in medium supplemented with or without 0.3 mM oleic acid in the presence or absence of GDNF (100 ng/ml) and the p38 MAPK (p38 MAPK) inhibitor SB-203580 (10 M) and assessed triglyceride content by Oil Red-O staining. Hep G2 cells cultured in medium supplemented with oleic acid and GDNF had lower triglyceride content than cells cultured in the absence of GDNF (Fig. 4B) . The inhibitory effects of GDNF on triglyceride accumulation, however, were abolished in the presence of SB-203580. The ability of GDNF to activate p38 MAPK signaling in Hep G2 cells was confirmed by assessing p38 MAPK phosphorylation by Western blotting (Fig. 4C) . To preclude the possibility that the observed effects were nonspecific and not GDNF-mediated we knocked down the GFR␣1 receptor using a GFR␣1 siRNA and assessed triglyceride accumulation. Following the knock down of the GFR␣1 receptor, the ability of GDNF to inhibit triglyceride accumulation in Hep G2 cells was abolished (Fig. 4D) .
We then assessed the effects of GDNF on the expression of genes associated with increased hepatic steatosis. The expression of mRNA for Fasn, PGC1␣, PPAR-␥, PPAR-␣, and Srebf1 in Hep G2, and of PPAR-␥ and CD36 in primary mouse hepatocytes was reduced significantly in cells cultured, respectively, for 48 and 24 h in the presence of GDNF compared with cells cultured in vehicle (Fig. 4, E and F) .
GDNF suppresses the promoter activity of the PPAR-␥ gene. After observing GDNF-induced suppression of PPAR-␥ expression both in vivo and in vitro, we wanted to know if GDNF can directly regulate promoter activity of the PPAR-␥ gene. We transfected Hep G2 cells with a pGL3 luciferase reporter vector carrying the human PPAR-␥ gene promoter and measured oleic acid-induced luciferase activity. We observed a 36.0 Ϯ 1.16% increase in PPAR-␥ gene promoter activity when transfected Hep G2 cells were stimulated with oleic acid alone for 24 h (Fig. 4F) . However, when the transfected cells were stimulated with oleic acid in the presence of GDNF we saw a significant (55.56 Ϯ 4.54%, P Ͻ 0.001, relative to vehicle) reduction in promoter activity (Fig. 4G) .
GDNF-loaded nanoparticles accelerate recovery of mice with short-term HFD-induced hepatic steatosis.
We investigated if GDNF-loaded, PVA-coated PLA nanoparticles (GDNF NP) could be used therapeutically to treat mice with HFD-induced hepatic steatosis. We loaded recombinant rat GDNF in PVA-coated PLA nanoparticles and confirmed the purity and loading of the protein by Western blotting (Fig. 5A) . We then assessed the potential cytotoxicity of the synthesized GDNF NP by exposing ␤-TC-6 cells to GDNF NP for 48 h and comparing cell survival with that of cells cultured in medium alone. Cells cultured in medium supplemented with GDNF NP showed the same survival rate as cells cultured in medium without GDNF (Fig. 5B) . Because the liver is a major site for first-pass metabolism of intravenously, intraperitoneally, and orally administered drugs, we injected a group of mice with dextran-FITC-loaded-PVA coated PLA nanoparticles and assessed fluorescence levels in the liver to determine which between the intravenous and intraperitoneal routes of nanoparticle administration would target the most nanoparticles to the liver. Our analysis showed that there was significant accumulation of the nanoparticles in the liver within 1 h of both . B: analysis of effect of GDNF NP on ␤-TC-6 cell survival. C: assessment of green fluorescence and comparison of fluorescence intensity in mice liver 1 h after ip or iv injection with dextran-FITC-loaded nanoparticles or vehicle. **P Ͻ 0.01. D: serum alanine aminotransferase (ALT) levels of WT mice maintained for 6 wk on a RD or HFD followed by 14 days on RD with daily injections of GDNF NP or Vehicle NP. Plotted are means ϩ SE. *P Ͻ 0.05 relative to mice maintained on the RD and injected with vehicle; †P Ͻ 0.05 relative to mice maintained on the HFD and injected with Vehicle NP. n ϭ 4 Mice/group. E: Oil Red-O-stained liver sections from mice maintained for 6 wk on a RD or HFD followed by 14 days on RD with daily injections of GDNF NP or Vehicle NP and comparison of Oil Red-O staining area. Plotted are means ϩ SE. ***P Ͻ 0.001 relative to mice maintained on the RD and injected with Vehicle NP. F: analyses of gene expression in liver from WT mice maintained for 6 wk on a RD or HFD followed by 14 days on RD with daily injections of GDNF NP or Vehicle NP. Plotted are means ϩ SE. ***P Ͻ 0.001, **P Ͻ 0.01, and *P Ͻ 0.05 relative to mice maintained on the RD and injected with Vehicle NP; †P Ͻ 0.05, ‡P Ͻ 0.01, and §P Ͻ 0.001 relative to mice maintained on the HFD and injected daily with Vehicle NP.
injections with the intraperitoneal and intravenous routes of administration showing nearly equal levels of fluorescence (Fig. 5C) .
We then assessed the efficacy of GDNF NP in treating mice with short-term hepatic steatosis. To this end, male CF-1 mice were fed RD or HFD for 6 wk followed by 14 days of feeding on RD with daily intraperitoneal injections of GDNF-free nanoparticles (Vehicle NP) or GDNF NP delivering 5.0 g of GDNF daily. This dose of GDNF was calculated to deliver the same amount of GDNF used in vitro (100 ng/ml). Assessment of serum ALT levels showed that mice fed the HFD and injected with GDNF NP had significantly lower levels than mice from the other groups (Fig. 5D) . Oil Red-O staining of liver sections from these mice also showed that mice fed the HFD and injected with GDNF NP had less hepatic steatosis than HFD-fed mice injected with GDNF-free NP (Fig. 5E) . Figure 5F shows results of gene expression analyses of some of the genes that were found to be differentially expressed in liver from these mice. The analyses revealed no significant changes in the expression of PPAR-␥ and CD36 (data not shown) and significant reductions in the expression of Scd1 and Fasn in both groups of HFD-fed mice (Fig. 5F ). They also showed a larger increase in Dgat2 gene expression in the liver of HFD-fed, Vehicle NP-injected mice than in the liver of HFD-fed, GDNF NP-injected mice. Liver PPAR-␣ and Cpt1a gene expression, on the other hand, was significantly increased in Vehicle NP-injected HFD-fed mice but unchanged in GDNF NP-injected HFD-fed mice, while Srebf1 gene expression was unchanged in both groups of HFD-fed mice.
GDNF-loaded nanoparticles suppress the expression of hepatic steatosis-linked genes and protect against fibrosis in mice with longstanding hepatic steatosis. We also investigated the efficacy of GDNF NP in treating mice with longstanding HFD-induced hepatic steatosis. One cohort of CF-1 mice was maintained on the RD or HFD for 16 wk and then daily injected with Vehicle NP or GDNF NP during the last 5 wk. Another cohort of mice was maintained on the RD or HFD for 19 wk and then daily injected with Vehicle NP or GDNF NP during the last 13 wk. Analyses of liver gene expression in the first cohort of mice injected with Vehicle or GDNF NP during the last 5 wk revealed significant increases in PPAR-␥, CD36, and Srebf1 gene expression in Vehicle NP and GDNF NP-injected, HFD-fed mice, with PPAR-␥ gene expression levels in the GDNF NP-injected group being significantly lower than those in the Vehicle NP-injected group (Fig. 6A) . Liver FABP4 gene expression, on the other hand, was significantly increased in Vehicle NP-injected HFD-fed mice but unchanged in GDNF NP-injected HFDfed mice (Fig. 6A) . Liver Fasn and Scd1 gene expression was significantly reduced in both groups of HFD-fed mice, with Scd1 levels in the GDNF NP-injected group being significantly lower than those in the Vehicle NP-injected group (Fig. 6A) . Analyses of gene expression in liver from the second cohort of mice that had been fed the RD and HFD for 19 wk and injected with Vehicle or GDNF NP for 13 wk revealed significant increases in PPAR␥, CD36, and Dgat2 gene expression in liver from Vehicle NP-injected, HFD-fed mice but no significant changes in liver from GDNF NPinjected, HFD-fed mice (Fig. 6B) . We also assessed for fibrosis and inflammatory cell infiltration in liver from these mice. Both groups of HFD-fed mice had mild hepatic fibrosis; however, Vehicle NP-injected, HFD-fed mice had 4.5-fold (P Ͻ 0.001) higher fibrosis than GDNF NP-injected, HFD-fed mice (Fig. 6C) . No inflammatory cell infiltration was observed in liver from both groups of RD-fed, NP-injected mice (data not shown). Several inflammatory foci comprising mainly of lymphocytic cells were, however, observed in liver from all four Vehicle NP-injected, HFD-fed mice (lobular inflammation, with one also showing evidence of portal inflammation) and three out of four GDNF NP-injected, HFD-fed mice (lobular inflammation only) (data not shown). To assess for potential offtarget effects of the nanoparticles, we analyzed the expression of key obesity-associated genes in the WAT. The expression of the leptin (LEP) gene was equally significantly increased in the WAT of both groups of mice maintained on the HFD while the expression of the adiponectin (ADIPOQ) and ADRB3 genes was significantly reduced (Fig. 6D ).
DISCUSSION
The goal of this study was to understand how GDNF protects against HFD-induced hepatic steatosis and to evaluate the therapeutic value of GDNF-loaded nanoparticles for the treatment of HFD-induced hepatic steatosis.
Data from the present study revealed an important new role for GDNF in liver metabolism and the potential for the use of GDNF in protecting against and in the treatment of NAFLD. GDNF protected against HFD-induced hepatic steatosis in transgenic mice overexpressing GDNF under the control of the glial fibrillary acidic protein promoter and in vitro prevented fatty acid uptake and triglyceride accumulation in hepatocytes. When administered in vivo through GDNF-loaded nanoparticles, GDNF accelerated recovery in mice with short-term hepatic steatosis and attenuated the disease severity in mice with long-term HFD-induced hepatic steatosis. GDNF-loaded nanoparticles were protective against HFD-induced liver pathology without inducing hepatotoxicy. The effects of the nanoparticles were specific to the liver, since no effects on weight gain or gene expression in other tissues, including the WAT, were observed in mice injected with GDNF NP.
Our previous studies have shown that GDNF overexpression increases ␤-cell mass and improves insulin sensitivity in mice and protects against HFD-induced obesity through increased energy expenditure and ␤-adrenergic receptormediated lipolysis in brown adipose tissue and WAT (37, 38) . While it is clear that the later processes help to reduce circulating triglyceride levels and adipose tissue fat deposits in GDNF Tg mice, data from the present study also indicate an important role for GDNF-mediated liver-specific gene expression changes in the prevention of hepatic steatosis in mice. These effects were, however, not due to increased neuronal innervation in the liver.
In this study we showed for the first time that hepatocytes express the GDNF-specific GFR␣1 receptor and that GDNF is able to act directly on these cells to suppress the accumulation of fat. Through in vivo and in vitro experiments, we showed that GDNF acts to downregulate the expression in hepatocytes of genes coding for transcription factors, including PPAR-␥, PPAR-␣, and Srebf1, and of their target genes, including CD36, Fasn, Scd1, Dgat2, and Cpt1a, that code for proteins that regulate lipid uptake, transport, triglyceride synthesis through de novo lipogenesis, and lipid ␤-oxidation. We also showed an ability of GDNF to act on hepatocytes to inhibit the activity of the PPAR-␥ gene promoter. In addition, we showed an ability of GDNF to prevent fatty acid uptake and triglyceride accumulation by activating the p38 MAPK signaling pathway that has previously been shown to be inhibitory to hepatic lipogenesis (54) .
The liver is a key organ in the maintenance of lipid homeostasis. Storage of hepatic triglyceride requires both free fatty acids (FFA) and glycerol and critically depends on the hepatocellular FFA pool size, which results from the balance between FFA formation (circulating FFA, de novo lipogenesis) and lipid usage or disposal (through ␤-oxidation and export) (45) . Increased lipolysis, mitochondrial oxidative metabolism, Fig. 6 . GDNF-loaded nanoparticles suppress the expression of steatosis-associated genes in mice with longstanding hepatic steatosis. A: assessment of gene expression in liver from WT mice fed RD or HFD for 16 wk and daily injected with Vehicle NP or GDNF NP during the final 5 wk. Plotted are means ϩ SE. ***P Ͻ 0.001, **P Ͻ 0.01, and *P Ͻ 0.05 relative to mice fed RD and injected with Vehicle NP; †P Ͻ 0.05 relative to Vehicle NP-injected, HFD-fed mice. B: analysis of gene expression in liver from WT mice maintained on a RD or HFD for 19 wk and daily injected with Vehicle NP or GDNF NP during the last 13 wk of the study. Plotted are means ϩ SE. ***P Ͻ 0.001 and **P Ͻ 0.01 relative to mice maintained on the RD and injected with Vehicle NP; §P Ͻ 0.001 relative to mice maintained on the HFD and injected with Vehicle NP. C: Sirius Red-stained liver sections from WT mice fed the RD or HFD for 19 wk and daily injected with Vehicle NP or GDNF NP during the last 13 wk of the study, and comparison of staining area. Scale, 50 m. Plotted are means ϩ SE. ***P Ͻ 0.001 relative to mice maintained on the RD and injected daily with Vehicle NP; §P Ͻ 0.001 relative to mice maintained on the HFD and injected with Vehicle NP. D: analysis of gene expression in white adipose tissue (WAT) from mice maintained on a RD or HFD for 19 wk and daily injected with Vehicle NP or GDNF NP during the last 13 wk of the study. Plotted are means ϩ SE. ***P Ͻ 0.001 and **P Ͻ 0.01 relative to mice maintained on the RD and injected with Vehicle NP; †P Ͻ 0.05 relative to mice maintained on the HFD and injected with Vehicle NP. and de novo lipogenesis are hallmarks of NAFLD (6, 13, 14, 48) . The expression in the liver of genes that regulate these processes is increased in NAFLD and experimental models of NAFLD while the absence of these factors is protective against hepatic steatosis (15, 19, 22, 26, 34, 41, 44) . In mammals, fatty acid synthesis is catalyzed by acetyl-CoA carboxylase 1 (ACC1) and fatty acid synthase. SREBP-1c induces the expression of fatty acid synthase and ACC1 (11) . Studies have shown that genes encoding lipogenic enzymes are elevated in livers of ob/ob mice, and the transcription factor SREBP-1c was shown to contribute to high rates of lipogenesis in the livers of these mice (46) . Mice treated with an antisense oligonucleotide to SREBP-1c showed a reduction in proteins involved in lipogenesis in the liver, including ACC, Fasn, and Scd1. They also had significant reduction in hepatic steatosis (16) . Nuclear receptors such as the PPARs also play an important role in the pathophysiology of hepatic steatosis (30) . In contrast to healthy livers, upregulation of PPAR-␥ expression is a general property of steatotic livers (2, 43, 52, 55) . Consistent with these findings, hepatic PPAR-␥ expression has been linked to exacerbated steatosis by mechanisms involving activation of lipogenic genes and de novo lipogenesis and increased hepatic triglyceride concentrations (21) . Mice with hepatocyte-specific PPAR-␥ knockout have decreased hepatic lipid accumulation (33, 35) . In our study, liver levels of PPAR-␥ and its downstream target CD36 were significantly decreased both at the mRNA and protein level in HFD-fed GDNF Tg mice. We, therefore, believe that GDNF-mediated suppression of lipid uptake and of de novo lipogenesis in the liver combined with increased lipolysis and ␤-oxidation in brown adipose tissue and skeletal muscle served to reduce triglyceride levels in the liver of GDNF transgenic mice.
We observed significant reductions in liver P62/SQSTM1 levels in GDNF Tg mice fed a HFD, which was indicative of increased autophagic flux. P62/SQSTM1 is involved in the packaging of cellular waste for destruction in lysosomes through autophagy and is a major component of the Mallory's hyaline seen in liver of patients with advanced NAFLD (47) . Autophagy is beneficial for protecting against fatty acid-induced hepatocyte death, and disruption of autophagy is associated with increased cellular stress and high P62/SQSTM1 levels in the liver (17, 18, 25) . Hence, we believe that GDNF accelerates autophagic clearance in hepatocytes and thus provides protection against cellular stress and hepatocytes cell death.
In conclusion, our data suggest that GDNF has the ability to inhibit hepatic steatosis by suppressing lipogenesis and lipid uptake in the liver and by preserving beneficial signaling pathways, including autophagy. Thus, we propose that GDNF acts primarily by targeting key transcription factors, including PPAR-␥ and PPAR-␣, which play an important regulatory role in lipid uptake in the liver and lipid synthesis (Fig. 7) . Future studies may aim to investigate how GDNF regulates the expression levels of these genes by looking at the possible involvement of a select group of micro-RNAs.
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